Hypoxia-inducible factor-1 (HIF-1) is a master transcription factor that controls transcriptional activation of a number of genes responsive to the low cellular oxygen tension, including vascular endothelial growth factor (VEGF), erythropoietin, and glycolytic enzymes. The stability and activity of HIF-1␣ are regulated by binding to various proteins such as pVHL, p53, and p300/CBP. Here, using the yeast two-hybrid screening system, we found that HIF-1␣ interacts with Jab1 (Jun activation domain-binding protein-1), which is a coactivator of AP-1 transcription factor and fifth subunit of COP9 signalosome complex. The interaction of Jab1 with HIF-1␣ was confirmed by GST pull-down assay and also reproduced in vivo in HEK 293 cells, where endogenous Jab1 was coimmunoprecipitated with the overexpressed HIF-1␣. Moreover, Jab1-enhanced transcriptional activity of HIF-1 under hypoxia led to increase the expression of VEGF, a major HIF-1 target gene. Furthermore, Jab1 increased HIF-1␣ protein levels, which was due to the enhanced HIF-1␣ stability. The binding of HIF-1␣ and p53 tumor suppressor protein, negative regulator of HIF-1␣ stability, was interfered in a Jab1-dependent manner. Taken together, these results indicate that Jab1 should be considered as a novel regulator of HIF-1␣ stability via direct interaction.
cose transport and metabolism (1) . Under hypoxic conditions, the diverse target genes described above are all transcriptionally up-regulated by the heterodimeric HIF-1.
The ␣ subunit of HIF-1 is the hypoxia-responsive component of the dimer, while HIF-1␤ is expressed constitutively. Under normoxic conditions, HIF-1␣ is rapidly degraded by the ubiquitin-proteasome pathway (2) . Ubiquitination of HIF-1␣ is mediated by interaction with pVHL (von Hippel-Lindau tumor suppressor protein) (3, 4) and p53 (5, 6) . HIF-1␣ is targeted for VHL E3 ligase complex-mediated destruction by proline hydroxylation of oxygen-dependent degradation (ODD) region (7) . However, p53 promotes Mdm-2-mediated ubiquitination and proteasomal degradation of the HIF-1␣ through direct interaction with HIF-1␣ in hypoxia (5) . Under hypoxic conditions, HIF-1␣ is stabilized, which is determined by balance between negative regulator such as p53 and positive unknown factor, and accumulated in the nucleus (8) . Stabilized HIF-1␣ exerts its transcriptional activity by binding to the p300/CBP (9), SRC-1 (steroid receptor coactivator-1) family coactivators, nuclear redox regulator , and molecular chaperone heat shock protein 90 (HSP90) (11) . p300/CBP, SRC-1, and Ref-1 synergistically enhance HIF-1␣-mediated transcriptional regulation under hypoxic conditions. The modulation of HIF-1␣ stability and activation requires interaction of these multiproteins with HIF-1␣.
In this study, we have used the yeast two-hybrid system to identify novel proteins that interact with ODD domain of HIF-1␣ and control HIF-1␣ stability and activity. We identified the HIF-1␣-interacting clone, Jab1, a protein originally described as a transcriptional coactivator of c-Jun and Jun D (12) . It plays roles in numerous signaling pathways, including those that regulate integrin signaling (13) , cell cycle control (14) , and steroid hormone signaling (15) . Jab1 is also known as a subunit (CSN5) of mammalian CSN complex, which phosphorylates transcriptional regulators such as c-Jun, IB, p105, and p53 (16, 17) . Herein we report a new role of Jab1 in regulating HIF-1␣ protein stability by competition with p53, which leads to HIF-1-dependent transcriptional activation.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-Cycloheximide was purchased from Sigma. Jab1, p53, and GFP antibodies were purchased from Santa Cruz Biotechnology, Upstate Biotechnology, and CLONTECH, respectively. HIF-1␣ antibody was generated in rabbits against a bacterially expressed human HIF-1␣ (18) .
Plasmids-For the yeast two-hybrid screening, we amplified the ODD domain of HIF-1␣ by PCR and subcloned into the pGBT9. A series of deletion mutants of HIF-1␣ gene were amplified by PCR and inserted into pET-28. The full length of Jab1 expression vector was constructed by PCR and subcloned into pCMV-Tag2. To construct pCITE-Jab1 for in vitro translation, the Jab1 cDNA was inserted into pCITE4. All constructs were confirmed by automatic DNA sequencing analysis. For luciferase assay, pBOS-hHIF-1␣, pBOS-hARNT, and pSV40pro-Epo-HRE-Luc vectors were kindly provided by Dr. Fujii-Kuriyama (Tohoku University, Sendai, Japan) (8 were used to assay protein-protein interactions and for library screening, respectively. Two-hybrid assays using the GAL4 system were performed according to the instructions of the manufacturer (CLONTECH).
Cell Culture-Human embryonic kidney, HEK 293, cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Invitrogen) and 1% antibiotics. For hypoxic condition, cells were incubated at 5% CO 2 level with 1% O 2 balanced with N 2 in hypoxic chamber (Forma).
GST Pull-down Assay-[ 35 S]Methionine-labeled in vitro translated deletion mutants of HIF-1␣ were prepared by using the TNT system (Promega). GST fusion proteins were purified as described previously (15) . Equal amounts (ϳ1 g) of GST or GST-Jab1 immobilized on glutathione-Sepharose beads were incubated with in vitro translated deletion mutants of HIF-1␣ in reaction buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40) at 4°C. After washing, the bound proteins were eluted with sample buffer and were separated by SDS-PAGE, followed by autoradiography. For competition assay with p53, GST-p53 fusion proteins and unlabeled in vitro translated Jab1 were also prepared described as above.
Coimmunoprecipitation-After 24 h of transfection into HEK 293 cells, cells were treated for 6 h under hypoxic/normoxic conditions before harvesting the cells. The preparation of protein extracts, immunoprecipitation, and Western blot were performed as described previously (19) .
Transient Transfection and Luciferase Assays-5 g of plasmids was transfected to HEK 293 cells with proper recombinations of effector plasmids, pSV40promoter-EpoHRE-Luc reporter or mutated-EpoHRELuc reporter, pCMV-␤-gal, pBOS-hHIF-1␣, pBOS-hARNT, and pCMVJab1 using calcium phosphate-mediated methods. After transfection, cell lysates were analyzed for luciferase activity using an assay kit (Promega) and a luminometer (Turner Design). Extracts were also assayed for ␤-galactosidase enzyme assay. Each extract was assayed three times, and the mean relative light units was normalized by values obtained from an extract prepared from empty vector-transfected cells. The relative luciferase activity was calculated as relative light units/␤-galactosidase.
Pulse-Chase Experiments-HEK 293 cells were labeled with 200 Ci of [
35 S]methionine per plate in methionine-free DMEM under hypoxia for 4 h. After labeling, cells were washed and chased with complete DMEM for indicated amount of time in hypoxic chamber. Cells were subsequently subjected to immunoprecipitation as described above. Band intensities were measured using an image analyzer (Fuji) of autoradiographs.
RESULTS

Screening of HIF-1␣-binding Proteins in the Two-hybrid System-
The yeast two-hybrid system was used to identify candidate proteins that interact with HIF-1␣ in vivo. cDNA corresponding to the amino acids 401-603 (ODD domain) (21) of HIF-1␣ was fused to the GAL4 DNA binding domain as a bait. Using this bait, mouse embryonic and T cell library was screened as described under "Experimental Procedures." From 6 ϫ 10 6 transformants, 190 His ϩ /Lac ϩ double-positive clones were isolated. The 64 clones were further selected by ␤-galactosidase assays in another yeast strain, SFY 526, containing a GAL1UAS-lacZ reporter gene. DNA sequence and data base searches revealed that the nucleotide sequence of six clones encoded mouse Jab1 (12) .
Interaction between HIF-1␣ Protein and Jab1 Protein-Direct interaction of HIF-1␣ and Jab1 in vitro was examined by GST pull-down assays using a series of deletion constructs of HIF-1␣. The results shown in Fig. 1A indicated that the deletion constructs, including ODD domain and the full-length HIF-1␣, were pulled down by the interaction with in vitro translated 35 S-labeled Jab1, whereas the amino acids 1-401 and 603-827 regions of HIF-1␣ were not interacted. The interaction between HIF-1␣ and Jab1 in vivo was confirmed by coimmunoprecipitation assays. When GFP-HIF-1␣, fusion between GFP and HIF-1␣, produces the stabilized HIF-1␣ in normoxic cells (20) , was immunoprecipitated from hypoxic and normoxic cell extracts, endogenous Jab1 was coimmunoprecipitated. Conversely, HIF-1␣ was coimmunoprecipitated when cell extracts were treated with anti-Jab1 antibody (Fig. 1B) .
Effects of Jab1 on HIF-1 Transcriptional Activity-To investigate whether Jab1 is involved in HIF-1 transcriptional activity, we used a luciferase reporter system, pSV40promoter-Epo-HRE-Luc, and mutated EpoHRE-Luc reporters. Upon transient transfection of HIF-1␣, ARNT, and EpoHRE-Luc vectors, reporter activity was stimulated under hypoxic conditions compared with endogenous HIF-1 activity. However, ectopic expression of Jab1 further enhanced the transcriptional activity of HIF-1 by about 2-fold compared with hypoxia-stimulated activity in the absence of exogenous Jab1. In cells transfected with mutated EpoHRE reporter, luciferase activity was not changed by hypoxia and Jab1 (Fig. 2A) . Furthermore, to evaluate whether Jab1 modulates the HRE-containing gene, VEGF, we transfected HEK 293 cells with Jab1 expression vector, pCMV-Jab1. The mRNA and protein expression of VEGF were significantly increased by Jab1 compared with hypoxia alone (Fig. 2B) . Therefore, Jab1 potentiated the hypoxia-inducible transactivation function of HIF-1.
Up-regulation of HIF-1␣ Protein Stability by Jab1-HEK 293 cells overexpressing Jab1 were exposed to hypoxia and examined to find out whether Jab1 is involved in the regulation of HIF-1␣ protein expression. Overexpressed Jab1 up-regulated HIF-1␣ protein level compared with hypoxia alone, but it did not affect mRNA levels, suggesting that the elevation of HIF-1␣ levels by Jab1 was not due to an increased transcription of HIF-1␣ gene. However, under normoxic conditions, the 1-6) . In vitro translated proteins were mixed with GST-Jab1-bound beads (lanes 7-12) or GST-bound beads (lanes [13] [14] [15] [16] [17] [18] Interaction between Jab1 and HIF-1␣ 10 protein levels of HIF-1␣ were not increased by Jab1 (Fig. 3A) . Analysis of HIF-1␣ protein stability in cycloheximide-treated cells showed that the degradation of HIF-1␣ was decreased in Jab1-transfected cells compared with the empty vector-transfected cells, supporting the notion that the induction of HIF-1␣ level by Jab1 is due to the enhanced HIF-1␣ stability (Fig. 3B) . Furthermore, in pulse-chase experiments, the half-life of HIF-1␣ protein was extended in Jab1-transfected cells, thus confirming the effect of Jab1 on HIF-1␣ stability (Fig. 3C) .
Competition for Binding of HIF-1␣ between Jab1 and p53-p53 plays an important role in hypoxia-induced HIF-1␣ stability via direct interaction (5, 7). We therefore examined whether Jab1 could influence the interaction between HIF-1␣ and p53 under hypoxia. Expression of ectopic Jab1 abolished the interaction between the p53 and HIF-1␣ as revealed by immunoprecipitations with the p53 antibody (Fig. 4A) . To exclude an indirect effect of Jab1 on interaction of p53 with HIF-1␣, we performed in vitro competition experiments. Increasing amounts of the in vitro translated Jab1 were added simultaneously with constant amounts of HIF-1␣. As shown in Fig. 4B , addition of Jab1 led to a reduction in the interaction between HIF-1␣ and p53, suggesting the competition between Jab1 and p53 for binding to HIF-1␣.
DISCUSSION
The regulation of HIF-1␣ stability and activity occurs at multiple levels. Especially modulation of HIF-1␣ protein through itself and other proteins interaction is pivotal in stabilization and activation of HIF-1␣ protein.
In an attempt to further characterize HIF-1␣ protein function and regulation, we identified a novel interaction between HIF-1␣ and Jab1 using the yeast two-hybrid system and confirmed this interaction in GST pull-down and coimmunoprecipitation assays. Jab1 was first discovered using the activation domain of c-Jun as a bait in a yeast two-hybrid screen of a B-lymphocyte cDNA library (12) . Jab1 also interacts with a number of proteins involved in cell signaling molecules such as integrin LFA-1 (13), p27 kip1 (14) , SRC-1 (15), lutropin/choriogonadotropin receptor (22) , and macrophage migration inhibitory factor (23) .
In this study, our data demonstrated that the direct interaction with Jab1 and HIF-1␣ contributes to the up-regulation of HIF-1␣ protein level under hypoxic condition. Actually, we could detect the interaction between Jab1 and HIF-1␣, which is stabilized by fusion with GFP, in normoxic condition, but this interaction did not result in stabilizing or up-regulating the level of HIF-1␣. It might be due to the strong affinity of pVHL for HIF-1␣ compared with that of Jab1, leading to the rapid degradation of HIF-1␣ proteins throughout physiological normoxic condition. In contrast, HIF-1␣ levels remain high in hypoxic conditions through direct interaction with Jab1 as mentioned above.
Recently, it was reported that p53 directly interacts with HIF-1␣ and limits hypoxia-induced expression of HIF-1 ␣ by Interaction between Jab1 and HIF-1␣ 11 promoting its ubiquitination and proteasomal degradation under hypoxic conditions (5). Additionally, p53 Ϫ/Ϫ cells expressed higher levels of HIF-1␣ protein compared with their p53 ϩ/ϩ counterpart in response to hypoxia. However, no increased level of HIF-1␣ protein was observed in p53 Ϫ/Ϫ cells under normoxia (5), whereas VHL-defective cells dramatically expressed the high level HIF-1␣ protein under normoxia (4). These results strongly suggest that under normoxia, p53 probably does not affect HIF-1␣ protein degradation in contrast to pVHL. Coincident with these reports, our results showed that Jab1 directly interferes with HIF-1␣-p53 interaction and lead to stabilize HIF-1␣ protein under hypoxia. Therefore, Jab1 probably contributes to minimal effect on HIF-1␣ protein stability in response to normoxia, and consequently the HIF-1␣ stabilization by Jab1 under normoxia was not detected. On the contrary, overexpressed Jab1 substantially augments hypoxiainduced HIF-1␣ levels by releasing HIF-1␣ protein from p53. Of course, further study would be necessary to clarify the differential role of Jab1 in regulating HIF-1␣ stability under normoxia and hypoxia, respectively.
On the other hand, Jab1 has been known to be a subunit of multiprotein complex called CSN complex (16) . But the exact function of CSN presently is not clear. The purified complex possessed kinase activity that phosphorylates transcriptional regulators (16, 17) . In the case of c-Jun, the interaction of the CSN with c-Jun via Jab1 led to the subsequent phosphorylation, enhanced stability, and increased transcriptional activity of the c-Jun. (24) . As another possible explanation for HIF-1␣ stability by Jab1, the relationship of CSN and HIF-1␣ can be suggested. This raises the possibility that Jab1 may serve as a docking site for CSN complex-mediated phosphorylation and subsequently lead to stabilize HIF-1␣ protein. Alternatively, a recent report showed that CSN complex phosphorylates p53 at Thr-155 residue, and the phosphorylated p53 is rapidly degraded by ubiquitin-proteasome pathway (17) , indicating that p53 degradation by CSN complex may result in up-regulation of HIF-1␣ protein. These results suggest a possible cross-talk between HIF-1 signaling and CSN complex.
Taken together, we concluded that Jab1 plays a role in HIF-1␣ stability by blocking interaction with p53, thereby enhancing the hypoxia-dependent transcriptional activation of HIF-1. Further characterization of Jab1 may help us to understand more precisely the stabilization mechanism of HIF-1.
